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out  the  reactions  and  purification  of  the  raw  product.  The  working  electrode  of  a  proton  exchange  membrane  fuel  cell  provides  a  surface  of 
tunable  acidity  capable  of  catalyzing  certain  reactions.  This  technique  has  the  added  advantage  of  not  only  providing  a  solvent-free 
environment  for  organic  synthesis,  but  also  increases  the  reaction  kinetics.  The  progress  of  each  reaction  is  monitored  through  the  use  of  a 
fuel  cell  capable  of  obtaining  operando  infrared  spectra.  This  cell  was  also  used  in  study  of  temperature  dependent  Stark  tuning  rates  of 
adsorbed  CO  on  a  Pt  electrode.  The  study  demonstrated  Nafion  interaction  with  the  Pt  surface  and  through  the  use  of  polarization 
modulated  infrared  reflection  adsorption  spectroscopy  (PM-IRRAS),  attenuated  total  reflectance  (ATR)  spectroscopy,  and  density  functional 
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Funds  from  the  DURIP  grant  have  led  to  the  fabrication  of  two  fuel  cells  capable  of 
operando  Fourier  transformation  infrared  spectroscopy  (FTIR)  and  X-ray  absorption 
spectroscopy  (XAS).  The  operando  cell  features  an  upper  flow  field  with  an  aperture  which 
allows  for  the  installation  and  removal  of  a  CaF2  window  for  FTIR  measurements  and  the  cell  to 
be  used  as  an  air  breathing  cell  for  XAS.  The  lower  flow  field  is  made  of  graphite  as  to  not 
decrease  the  intensity  of  the  x-ray  beam.  The  cell  is  designed  to  interface  with  commercially 
available  diffuse  reflection  accessories  for  FTIR  systems.  The  second  operando  spectroscopy 
cell  further  optimizes  the  function  of  the  cell  by  increasing  the  ease  of  which  the  cell  is 
assembled  while  minimizing  variables  which  would  lead  to  inefficiencies  in  cell  operation  as 
well  as  an  improved  fuel  delivery  design.  The  operando  spectroscopy  cell  was  recently  featured 
at  the  annual  X-ray  Absorption  Fine  Structure  (XAFS)  workshop  at  Brookhaven  National  Labs. 
This  event  marked  the  first  time  that  measurements  were  taken  from  an  operating  fuel  cell  at  the 
National  Synchrotron  Light  Source  (NSLS).  The  purpose  of  the  experiment  was  to  use  XAFS  to 
measure  the  amount  of  platinum  oxides  that  formed  at  the  cathode  at  various  potentials. 
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Figure  1:  IR-XAS  cell.  Top:  Red  path,  reflectance  IR  or  fluorescence  XAS;  yellow  path; 
transmission  XAS.  Bottom  left:  Assembled  spectroscopy  cell  with  DE9  connector  for 
electrodes,  heater  cartridge  and  thermister.  Bottom  center:  Cell  installed  in  Pike  diffuse 
reflectance  accessory  in  a  Bruker  (Billerica,  MA)  Vertex  70  FTIR  Spectrometer.  Bottom  right: 


Bottom  and  top  flow  field  with  wicking  material  (white  strips)  adhered  to  upper  flow  field. 
MEA  at  bottom. 

The  spectroscopy  cell  was  also  used  in  an  investigation  of  non-Faradaic  electronic 
promotion  of  organic  chemistry  (EPOCH).  EPOCH  uses  the  superacidity  of  the  proton  exchange 
membrane  (PEM)  during  fuel  cell  operation  to  provide  a  tunable  surface  to  conduct  electro- 
promoted  organic  reactions(i-2).  So  far  these  reactions  have  been  limited  to  the  isomerization 
and  subsequent  reduction  of  1-butene.  FTIR  data  collected  from  the  spectroscopy  cell  shows  an 
attenuation  of  the  sp2  C-H  stretch  indicative  of  1 -butene  while  and  increased  intensity  in  the  sp2 
C-H  peak  corresponding  with  2-butene. 
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Figure  2:  Infrared  spectra  of  the  isomerization  of  1 -butene  through  EPOCH.  Red  line 
corresponds  with  the  spectrum  of  the  reactant  stream  at  OCV.  Blue  line  corresponds  with 
spectrum  at  OV. 

As  it  is  a  side  product  of  methanol  oxidation  by  platinum  catalysis,  the  carbon  monoxide 
poisoning  of  fuel  cell  catalysts  is  of  interest  to  our  research  group.  Previous  infrared  studies  of 
carbon  monoxide  poisoning  in  direct  methanol  fuel  cells  has  yielded  Stark  tuning  data  of  carbon 
monoxide  peaks  absorbed  onto  counter  electrodes(i).  Stark  tuning  rates  of  absorbed  carbon 
monoxide  have  also  been  studied  on  arc-melted  Pt  working  electrodes  in  a  three  electrode 
cell(4).  Using  the  spectroscopy  cell  previous  discussed,  research  is  being  conducted  into  the 
Stark  tuning  rates  of  absorbed  carbon  monoxide  on  an  operating  fuel  cell.  The  research  will  be 
looking  at  the  effects,  if  any,  of  absorption  potential  on  Stark  tuning  rates  and  the  dependence  of 
the  temperature  of  the  fuel  cell  on  the  infrared  spectrum  of  absorbed  Pt. 

Funds  have  been  used  for  the  purchase  of  a  Vertex  80  for  use  in  an  analysis  of  the  infrared 
structure  of  Nafion-1 17.  Attenuated  total  reflectance  FTIR  was  used  to  determine  the  effect  of 
cation  substitution  at  the  SO3'  functionality  on  the  overall  spectrum.  Bruker  Opus  6.5  software 
processed  the  raw  data  and  deconvoluted  the  peaks  which  allowed  for  proper  correlation  of 


various  functional  groups  in  Nafion  to  specific  peaks.  An  undergraduate  within  the  group,  using 
funds  from  this  grant,  developed  a  method  using  density  functional  theory  (DFT)[5,6,7] 
calculations  as  well  as  the  molecular  modeling  program  Maestro,  to  predict  the  infrared  stretches 
of  the  side  chain  of  Nafion- 1 12  to  support  peak  assignments  that  have  been  previously  made. 

The  results  of  this  project  are  currently  being  presented  at  the  spring  meeting  of  the  Materials 
Research  Society  and  have  been  published  as  communication  to  the  editor  in  Macromolecules. 
Another  graduate  student  is  presenting  data  at  the  Materials  Research  Society  meeting  on  the 
interaction  between  Nafion  and  Pt  catalytic  surface  using  polarization-modulated  infrared- 
reflection  absorption  spectroscopy  (PM-IRRAS).  The  PM-IRRAS  technique  allows  for  an 
enhanced  characterization  of  the  surface  of  Nafion.  This  graduate  student  and  the  PM-IRRAS 
setup  were  funded  through  the  grant. 


Figure  3:  (a):  ATR-FTIR  of  hydrated  Nafion  117.  (b)  Deconvolution  of  1100-1300  cm1  region,  (c) 
Deconvolution  of  920-1020  cm  1  region. 

The  techniques  described  in  this  report,  DFT,  PM-IRRAS  and  operando  spectroscopy 
have  been  used  in  concert  to  develop  a  new  model  of  Nafion  adsorption  on  Pt.  Operando 
spectroscopy  was  used  to  study  Stark  tuning  rates  of  carbon  monoxide  which  demonstrated  the 
adsorption  of  Nafion.  PM-IRRAS  was  used  to  generate  a  spectra  of  the  portions  of  Nafion 
interacting  and  with  the  Pt  and  a  theoretical  spectrum  of  Nafion  was  generated  by  DFT  to 
identify  the  functionalities  responsible  for  those  interactions.  The  methodology  developed  in  this 
research  has  applications  beyond  the  study  of  Nafion  and  Pt  and  can  be  used  in  the  study  state- 
of-the-art  solid  electrolytes. 
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Abstract:  The  competitive  adsorption  of  Nation  functional  groups  induce  complex  potential  dependencies 
(Stark  tuning)  of  vibrational  modes  of  CO  adsorbed  (COads)  on  the  Pt  of  operating  fuel  cell  electrodes. 
Operando  infrared  (IR)  spectroscopy,  polarization  modulated  IR  spectroscopy  (PM-IRRAS)  of  Pt-Nafion 
interfaces,  and  attenuated  total  reflectance  IR  spectroscopy  of  bulk  Nafion  were  correlated  by  density 
functional  theory  (DFT)  calculated  spectra  to  elucidate  Nafion  functional  group  coadsorption  responsible 
for  the  Stark  tuning  of  COadS  on  high  surface  area  fuel  cell  electrodes.  The  DFT  calculations  and  observed 
spectra  suggest  that  the  side-chain  CF3,  CF2  groups  (i.e.,  of  the  backbone  and  side  chain)  and  the  S03~ 
are  ordered  by  the  platinum  surface.  A  model  of  the  Nafion-Pt  interface  with  appropriate  dihedral  and 
native  bond  angles,  consistent  with  experimental  and  calculated  spectra,  suggest  direct  adsorption  of  the 
CF3  and  SCfr  functional  groups  on  Pt.  Such  adsorption  partially  orders  the  Nafion  backbone  and/or  side- 
chain  CF2  groups  relative  to  the  Pt  surface.  The  coadsorption  of  CF3  is  further  supported  by  Mulliken  partial 
charge  calculations:  The  CF3  fluorine  atoms  have  the  highest  average  charge  among  all  types  of  Nafion 
fluorine  atoms  and  are  second  only  to  the  sulfonate  oxygen  atoms. 


Introduction 

The  demand  for  renewable  energy  puts  fuel  cells  at  the 
forefront  of  energy  conversion  device  development. 1-3  Polymer 
electrolyte  membrane  fuel  cells  (PEMFCs)  incorporate  an 
ionomer  membrane  (e.g.,  Nafion  117)  for  support  of  electro- 
catalytic  layers  and  proton  conduction  between  the  electrodes 
and  to  maintain  separation  between  the  hydrogen  and  air.4  A 
solubilized  version  of  Nafion5  (ionomer  solution)  is  often  used 
to  prepare  catalyst  “inks”  that  are  directly  painted  or  decal 
transferred  to  the  membrane.6  The  ionomer— metal  interface 
formed  after  evaporation  of  the  ink  solvent  is  central  to  PEMFC 
electrocatalysis.  For  example,  a  spin  coated  Nafion  layer  on 
polycrystalline  Pt  enhances  electrocatalysis.7'8  Little  is  known  about 
ionomer— metal  interfaces.  Markovic  and  co-workers  probed 
Pt— electrolyte  interfaces  by  measurements  of  CO  oxidation  cur¬ 
rents,  in  sulfuric,  perchloric,  and  KOH  solutions,  synchronized  with 
IR  absorption— reflection  spectroscopy  of  linear  (vco1)  and  bridge 
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bound  (Pcob)  COads  on  Pt(l  1 1).9  More  recently  then  electrochemical 
studies  on  Pt(hkl)— Nafion  interfaces  suggest  that  the  Nafion 
sulfonate  group  adsorbs  onto  the  Pt  surface.10 

That  the  active  state  of  a  catalyst  exists  only  during  catalysis 
is  rationale  for  operando  (actual  reactor  conditions)  characteriza¬ 
tion  of  the  catalyst— ionomer  interface.11  A  fuel  cell  membrane 
electrode  assembly  uniquely  enables  study  of  the  ionomer  metal 
interface  without  interferences  due  to  mobile  anions  character¬ 
istic  of  aqueous  acidic  electrolytes.  Operando  fuel  cell  infrared 
(IR)  spectroscopy  was  introduced  by  Fan  et  al.12  In  this  report 
the  aggregate  of  operando  spectroscopy  of  fuel  cell  membrane 
electrode  surfaces,  attenuated  total  reflectance  spectroscopy  of 
Nafion  117,  polarization  modulated  IR  reflection  absorption 
spectroscopy  of  Nafion  spin-coated  onto  Pt,  and  density 
functional  theory  calculated  Nafion  spectra  suggest  a  model  for 
the  Pt— Nafion  interface  that  includes  the  Nafion  CF3  group  as 
an  important  coadsorbate  at  the  ionomer— Pt  interface. 

Experimental  Section 

Attenuated  Total  Reflectance  (ATR)  Spectroscopy.  A  surface 
pressure  of  815  psi  was  maintained  over  the  1.8  mm  diameter  ATR 
crystal.  Spectra  were  obtained  using  a  Bruker  Vertex  70  and  Vertex 
80  V  vacuum  FTIR  spectrometer  (Bruker,  Billerica,  MA).  A 
MIRacle  ATR  accessory  (Pike  Technologies  Spectroscopic  Creativ- 
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(12)  Fan,  Q.;  Pu,  C.;  Lay,  K.  L.:  Smotkin,  E.  S.  J.  Electrochem.  Soc.  1996, 
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Figure  1.  Exploded  view  schematic  of  operando  spectroscopy  cell. 

ity,  Madison,  WI)  with  a  ZnSe  ATR  crystal  was  used.  The  spectra 
were  signal  averaged  from  100  scans  at  4  cm”1  resolution  with  a 
dry-air  purge  at  ambient  temperature.  Atmospheric  compensation 
(to  eliminate  H20  and  C02  interference  in  the  beam  path)  was  used 
in  all  measurements.  Data  processing  for  all  infrared  data  was  done 
with  the  Bruker  OPUS  6.5  software. 

Preparation  of  Arc-Melt  Pt.  The  preparative  method  for  arc- 
melted  electrodes  has  been  described.13  Briefly,  the  arc-melter 
(Materials  Research  Furnaces,  Sun  Cook,  NH)  was  charged  with  3 
mm  Pt  shot  (99.9+%,  Sigma-Aldrich,  St.  Louis,  MO).  The  chamber 
was  evacuated  to  —29  psig  and  purged  with  argon  three  times.  The 
Pt  was  arc-melted  at  75  A  under  an  Ar  bleed.  The  chamber  was 
vented  to  flip  and  arc-melt  the  sample  three  times.  The  Pt  slug  was 
epoxied  (Devcon  HP250,  Danvers,  MA)  to  a  modified  glass  syringe 
barrel,  cut  flat  using  a  diamond  cutoff  saw  (Buehler  IsoMet  1000, 
Lake  Bluff,  IL),  and  finally  polished  to  a  mirror  finish  using  0.05 
H m  aluminum  oxide  (Magner  Scientific,  Dexter,  MI).  The  electrode 
was  sonicated  in  Nanopure  water  (Milli-Q,  Billerica,  MA)  for  10 
min.  Nafion  ionomer  solution  (20  /.(L)  was  pipetted  onto  the  Pt 
electrode  assembly  mounted  on  an  inverted  electrode  rotator  (Pine 
Instrument  Company,  Grove  City,  Pa)  and  then  rotated  (1000  rpm, 
1  min). 

Polarization  Modulated  Infrared  Reflection  Absorption 
Spectra  (PM-IRRAS).  The  Vertex  80  V  spectrometer  was 
equipped  with  a  Hinds  II/ZS50  photoelastic  modulator  (Hinds 
Instruments,  Hillsboro,  OR),  SR830  lock-in  amplifier  (Stanford 
Research  Systems,  Sunnyvale,  CA),  and  a  D3131\6  MCT  detector 
(Infrared  Associates,  Stuart,  FL).  The  angle  of  incidence  was  60°, 
and  the  photoelastic  modulator  frequency  was  50.14  kHz.  The  PM- 
IRRAS  cell  design  has  been  reported.14,15  Spectra  were  averaged 
(710  scans;  4  cm-1  resolution).  Li-exchanged  Nafion  was  prepared 
by  soaking  Nafion  samples  in  0.1  M  salt  solutions. 

Computational  Method.  Unrestricted  DFT16,17  with  the 
X3LYP18  functional  was  used  for  geometry  optimization  and 
calculations  of  the  normal-mode  frequencies  and  corresponding  IR 
spectra  of  the  deprotonated  and  protonated  Nafion  side-chain  and 
backbone  segment.  The  backbone-segment  terminal  ends  were 
substituted  with  CH3  groups  to  eliminate  computational  interference 
with  the  Nafion  CF3  group.  Jaguar  6.5  (Schrodinger  Inc.,  Portland, 
OR)  was  used  with  the  all-electron  6-311G**++  Pople  triple-^ 
basis  set  (“**”  and  “++”  denote  polarization19  and  diffuse20  basis 
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set  functions,  respectively).  Output  files  were  converted  to  vibra¬ 
tional  mode  animations  using  Maestro  (Schrodinger  Inc.).  Calcula¬ 
tions  were  carried  out  on  a  55  node  (dual  core  Xeon  processors 
with  4GB  RAM)  High  Performance  Computing  Cluster  at  the 
University  of  Texas,  Pan  American. 

Membrane  Electrode  Assembly  Preparation.  Nafion-1 17  (E.  I. 
DuPont)  was  immersed  in  boiling  ~8  M  nitric  acid  for  20  min, 
rinsed  with  Nanopure  water,  and  finally  immersed  in  boiling  water 
for  1  h.  Catalyst  inks  were  prepared  as  previously  described.21,22 
Briefly,  Pt  black  (Johnson  Matthey)  was  dispersed  in  a  5  wt  % 
Nafion  ionomer  solution  (Sigma  Aldrich,  Milwaukee,  WI)  diluted 
with  Nanopure  water  and  isopropyl  alcohol.  Inks  were  applied 
directly  to  a  5  cm2  area  of  Nafion  immobilized  on  a  temperature 
controlled  vacuum  table  (NuVant  Systems  Inc.,  Crown  Point,  IN) 
at  70  °C.  The  catalyst  loadings  were  4  mg/cm2  of  Pt  black.  The 
carbon  paper  gas  diffusion  layers  (Toray  Industries,  Tokyo,  Japan) 
were  blocked  with  Vulcan  XC-72  (Cabot  Corporation,  Billerica, 
MA). 

Operando  Spectroscopy.  Temperature  dependent  COalls  Stark 
tuning  data  were  acquired  by  operando  specular  reflectance  IR 
spectroscopy  using  a  cell  (Figure  1)  based  on  the  design  of  Fan  et 
al.12  The  cell,  controlled  by  an  EZstat  potentiostat  (NuVant  Systems 
Inc.),  interfaces  to  a  diffuse  reflectance  accessory  (Pike  Technolo¬ 
gies,  Madison,  WI)  installed  on  the  Vertex  70  spectrometer.  The 
IR  beam  accesses  the  working  electrode  surface  through  a  CaF2 
window  inserted  into  the  upper  flow  field  and  a  small  slot  in  the 
carbon  gas  diffusion  layer.  The  lower  flow  field  electrode  serves 
as  both  a  hydrogen  reference  and  counter  electrode  when  charged 
with  hydrogen.  The  small  CO  oxidation  currents  do  not  measurably 
polarize  the  hydrogen  counter  electrode.  The  working  electrode  was 
cycled  (50  times)  from  0  to  1.2  V  vs  the  hydrogen  counter  electrode. 
Spectra  were  obtained  by  averaging  250  scans  at  4  cm”1  resolution. 
The  cell  was  brought  to  the  desired  temperature  and  potential  (300 
mV)  for  the  acquisition  of  reference  spectra.  Carbon  monoxide  was 
passed  over  the  working  electrode  for  15  min.  The  cell  was  purged 
with  N2  (15  min)  prior  to  setting  the  potential  to  100  mV.  Replicates 
of  four  spectra  were  acquired  at  50  mV  increments  until  the  CO 
vibrational  bands  were  no  longer  observable. 

Results  and  Discussion 

Operando  Spectroscopy.  Stark  tuning  plots  of  COa(js  on  Pt  in 
a  fuel  cell  operated  at  30,  50,  and  70  °C  (Figure  2)  show  a 
remarkable  similarity  to  plots  obtained  by  Stamenkovic  et  al. 
in  sulfuric  acid.9  They  correlated  complex  potential  dependences 
(Stark  tuning),  of  COads  vibrational  frequencies  (i.e.,  dvCol/dE 


(20)  Clark,  T.;  Chandrasekhar,  J.;  Spitznagel,  G.  W.;  Schley er,  P.  J.  Comput. 
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Figure  2.  Stark  tuning  of  adsorbed  CO  on  the  Pt  membrane  electrode 
assembly  of  an  operating  fuel  cell. 

and  dvcob/dii)  in  0.5  M  H2SO4,  to  the  compression/dissipation 
of  COads  islands:  after  a  linear  region  from  0.1  to  0.3  V  (dvco1/ 
dE  =  31  cm~7V),  a  subtle  vCo'  blue  shift  from  the  extrapolated 
linear  region  was  followed  by  a  precipitous  drop,  initiating  at 
0.5  V,  that  finally  upturns  at  0.65  V.  They  attribute  this  behavior 
to  COads  island  compression  due  to  repulsive  dipole  interactions 
with  a  coadsorbed  bisulfate  ion  initially  observable  at  0.35  V. 
COads  oxidation  initiating  at  0.5  V,  induced  by  OH  absorption, 
diminishes  dipole— dipole  coupling23  and  thus  decreases  dvco V 
dE.  The  upturn  is  attributed  to  an  increased  absoiption  of  HSO3 
relative  to  OH  ,  which  reestablishes  repulsive  dipole  interactions 
that  compress  COads  islands  and  increase  Vco1-  The  plots  in 
Figure  2  demonstrate  an  adsorption  phenomenon  onto  Pt  despite 
the  lack  of  mobile  ions  typical  of  dilute  sulfuric  acid  solutions. 
The  fuel  cell  operando  spectroscopy  suggests  a  need  for 
elucidation  of  Nafion  functional  groups  responsible  for  modula¬ 
tion  of  CO/Pt  interactions  (i.e..  Stark  tuning). 

Figure  3  shows  the  linear  temperature  dependence  of  the 
frequency  at  which  the  Stark  tuning  curves  precipitously 
decrease:  higher  operating  temperatures  lower  the  potential  at 
which  CO  oxidizes  (—2.88  cm  '/K,  R2  =  0.991).  The  relation- 


Figure  3.  Potential  at  which  CO  begins  to  oxidize  as  a  function  of 
temperature. 


Figure  4.  DFT  calculated  normal  modes  (black  lines)  and  Nafion  ATR 
spectrum  (red). 

ship  of  this  linear  variation  to  the  kinetics  of  the  inner  sphere 
processes24  will  be  addressed  in  future  work. 

Analysis  of  IR  Spectra.  The  DFT  calculated  spectrum  of  a 
55-atom  Nafion  side-chain  and  backbone  segment  provides  159 
normal-mode  frequencies  and  intensities.  Figure  4  shows  the 
theoretically  derived  peak  positions  and  intensities  (black  lines) 
superimposed  upon  the  ATR  spectrum  (red  line)  of  hydrated 
Nafion. 

PM-IRRAS  enhances  (relative  to  the  ATR)  vibrational  modes 
of  functional  groups  ordered  by  the  Pt  surface.  Figure  5  shows 
the  ATR  spectrum  (red),  the  PM-IRRAS  spectra  of  the  Nafion- 
H/Pt  interface  (gray  line)  and  the  Nafion-Li/Pt  interface  of  Li+ 
exchanged  Nafion  (blue  line),  and  six  selected  (from  the  159 
calculated)  DFT  calculated  frequencies  and  intensities. 

Scheme  1  is  the  Nafion  structure  with  functional  groups 
labeled  for  ease  of  discussion.  The  low-frequency  ATR  band 
(Figure  5)  at  971  cnT1  (corresponding  to  theoretical  984  cm-1; 
line  1)  and  the  1056  cnf1  band  (corresponding  to  theoretical 
1059  cm-1;  line  3)  have  recently  been  thoroughly  assigned  by 
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Figure  5.  Theoretical  and  experimental  spectra.  ATR  of  hydrated  Nation 
(red);  PM-IRRAS  of  Nafion-H  on  Pt  (gray);  PM-IRRAS  of  Nafion-Li  on 
Pt  (blue);  Selected  DFT  peaks  (black  lines  1—6). 

Scheme  1.  Segment  and  Atom  Labeling  for  Nation 


CF3  B  ickb  one 


Webber  et  al.25  They  obtained  high  resolution  transmission 
spectra  of  hydrated  and  thoroughly  dehydrated  Nation  and 
analyzed  them  in  the  context  of  the  spectroscopy  of  the  short 
chain  ionomer  (formerly  DOW  membrane),  the  Nahon  sulfonyl 
fluoride,26  and  the  Nation  sulfonyl  imide.27  Animations  of  the 
DFT  calculated  internal  coordinates  reveal  that  the  observed 
1056  and  971  cm-1  peaks  both  have  internal  coordinates 
resulting  from  the  mechanical  coupling  of  the  adjacent  sulfonate 
and  COC  (A)  ether  link.25  Thus  these  peaks  shift  conceitedly 
with  changes  in  the  sulfonate  environment.  Consider  the  ATR 
and  PM-IRRAS  spectra  of  the  protonic  form  of  Nafion  (Figure 
5,  gray  line).  The  1056  and  971  cnT1  peaks  concertedly  shift 
to  higher  frequencies  in  the  PM-IRRAS  because  of  the  interac¬ 
tion  of  the  sulfonate  functional  group  with  the  Pt  surface.  A 
similar  effect  is  observed  with  Li+  exchange  of  the  adsorbed 
Nafion  (blue  line). 

A  convention  for  correlating  PM-IRRAS  enhanced  peaks  to 
the  calculated  DFT  peaks  would  enable  identification  of 
functional  groups  ordered  by  the  Pt  surface:  The  association  of 
observed  PM-IRRAS  peaks  with  DFT  peaks,  assigned  by 
visualization  of  mechanically  coupled  internal  coordinates,25,28 
provides  the  basis  for  such  a  convention.  Normal  mode 
coordinate  animations  (generated  by  Maestro  from  DFT  output 
files)  explicitly  show  how  neighbor  functional  groups  (called 
out  in  Scheme  1)  are  mechanically  coupled.  The  calculated 
internal  coordinates  are  viewed  in  the  context  of  calculated 
normal  modes  of  relevant  small  molecules  (e.g.,  triflic  acid, 
CF3OCF3,  10-carbon  CFi  backbone,  etc.)  hereafter  referred  to 
as  “pure  modes,”  which  serve  as  the  basis  elements  for  assigning 
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DFT  calculated  normal  modes  associated  with  observed  peaks. 
Figure  6  shows  the  assignments  of  the  six  selected  DFT  peaks 
and  snapshots  of  the  corresponding  Maestro  animations.  The 
atoms  contributing  to  the  dominating  motion  (black  circles)  and 
the  next  most  significant  atom  motions  (dotted  circles)  comprise 
pure  modes  that  form  the  basis  for  the  assignments.  An  alternate 
strategy  for  determining  the  dominant  mode  is  to  consider  the 
contribution  to  the  potential  energy  surface  on  an  atom  by  atom 
basis.29  While  this  may  change  the  selection  of  the  dominant 
mode,  it  does  not  alter  what  pure  modes  contribute  to  the 
assignments.  The  correlation  of  the  DFT  to  PM-IRRAS  peaks 
(Figure  5)  and  the  resulting  assignments  in  terms  of  the 
mechanically  coupled  modes  are  tabulated  in  Table  1 . 

The  pure  mode  peak  assignments  (Table  1)  elucidate  func¬ 
tional  groups  ordered  by  the  Pt  surface.  Animations  of  the  pure 
modes  and  the  internal  coordinates  of  the  six  selected  peaks 
are  in  Movies  1  —  12  and  Movies  13—18  respectively  in  the 
Supporting  Information  as. AVI  files.  The  rationale  for  the  key 
functional  group  assignments  (Table  1)  is  supported  by  the 
overlap  of  the  DFT  calculated  peak  positions  with  the  PM- 
IRRAS  peaks.  Consider  the  DFT  and  PM-IRRAS  peaks  in  the 
context  of  the  bulk-Nafion  ATR  and  the  report  by  Cable  et  al.26 
that  the  1056  and  971  cm-1  peaks  shift  with  alterations  of  the 
sulfonate  group  environment.  The  bulk  ATR  peak  at  1056  cm~' 
(red),  the  PM-IRRAS  peak  of  protonated  Nafion  adsorbed  on 
Pt  (gray  line)  at  1061  cm-1,  and  the  PM-IRRAS  peak  of  lithiated 
Nafion  adsorbed  on  Pt  (blue  line)  at  1077  cm-1  (Figure  5) 
confirm  that  Pt  surface  atoms  induce  frequency  shifts,  as  do 
the  extent-of-hydration25  and  ion  exchange  of  Nafion.26  Thus 
the  PM-IRRAS  enhances  bulk-Nafion  modes  that  are  shifted 
due  to  functional  group  interactions  with  Pt.  Less  explicit  than 
the  1056  cnT1  peak  are  PM-IRRAS  peaks  derived  from  bulk- 
Nafion  modes  that  are  convoluted  within  the  Nafion  ATR  broad 
envelope  region  (1100—1300  cm-1),  in  particular  the  1 164  and 
1260  cm-1  PM-IRRAS  peaks.  Di  Noto  et  al.30  extensively 
deconvoluted  the  broad  envelope  region.  Their  resulting  peak 
library  includes  1148,  1245  cm-1,  which  could  be  reconciled 
with  an  association  of  the  DFT  peaks  (Figure  5,  lines  4  and  5) 
with  the  shifted  PM-IRRAS  peaks  at  1164  and  1260  cm-1. 

Nafion/Pt  Adsorption  Model.  The  animation  of  the  theoretical 
peak  at  1254  cm-1  (Figure  5,  line-5),  associated  with  PM-IRRAS 
peaks  at  1260  cm-1  (blue  and  gray  lines),  suggests  that  the  CF3 
internal  coordinates  dominate  the  normal  mode.  The  insensitivity 
of  the  1201  cm-1  peak,  to  ion  exchange,  suggests  that  the 
internal  coordinates  are  not  substantially  coupled  to  the  sulfonate 
group.  The  1260  cm-1  band  intensity  is  over  an  order  of 
magnitude  greater  than  that  of  the  cluster  of  peaks  (i.e., 
associated  with  theoretical  lines  1  and  2)  that  are  mechanically 
coupled  to  the  sulfonate  pure  mode:  The  CF3  functional  group 
is  a  coadsorbate  of  comparable  importance  to  the  sulfonate 
exchange  group  in  the  formation  of  the  Nafion/Pt  interface. 
Further  support  for  this  model  is  provided  by  Mulliken 
population31  analysis.  Atomic  charges  of  the  55  Nafion  fragment 
atoms  were  calculated.  Table  2  shows  the  average  charges  of 
the  backbone,  side  chain,  and  CF3  group  fluorine  atoms  and 
the  average  charges  on  the  sulfonate  oxygen  atoms.  The  charges 
for  chemically  equivalent  atoms  (e.g.,  CF3  fluorine  and  sulfonate 
oxygen  atoms)  differ  because  the  calculations  are  done  for  the 
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Figure  6.  Normal  mode  coordinate  animation  snapshots  of  the  Nation  side-chain  anion  and  backbone  fragment  (see  Scheme  1).  Left  and  right  views  are 
extrema  positions  of  the  vibrational  mode.  Functional  groups  associated  with  the  dominant  internal  coordinates  and  next  most  significant  motions  are  designated 
by  solid  and  dotted  boundary  lines  respectively. 


Table  1.  PM-IRRAS  and  DFT  IR  Adsorption  Peaks  and 
Assignments3 


Wavenumber  (cm  ') 


PM-IRRAS 

DFT 

Pure  Mode  Components 

1 

971 

984 

S03-  Vs  +  COC(A)  vas  +  COC(B)  pr 

2 

984 

992 

CF2  m  (BBdet)  +  COC(B)  Ss 

3 

1061 

1059 

COC(A)  vas  +  S03~  vs 

4 

1164 

1168 

CF2  <5s  (BBstre)  +  CF2  (BBdet)  pr  +  COC(A)  m 

5 

1260 

1254 

CF3  vas  +  COC(A)  Ss  +  COC(B)  Ss 

6 

1322 

1322 

CF2  Ss  (BBdef) 

1  Symmetric 

stretch, 

vs;  Asymmetric  stretch,  ras;  Wagging,  co ; 

Scissoring,  bs;  Twisting,  r;  Rocking,  pr;  Backbone  deformation,  BBdef; 
Side-chain  deformation,  SCdef;  Backbone  Stretching,  BBstre. 

Table  2.  Average  Partial  Charges  of  Selected  Nation  Segments 

Backbone  (F)  Side  chain  (F)  CF3  (F)  Sulfonate  (0) 
Segment  13  atoms  8  atoms  3  atoms  3  atoms 

Avg  Partial  Charge  -0.0665  -0.0816  -0.0876  -0.4879 

Standard  Deviation  0.027  0.055  0.013  0.012 


lowest  energy  Newman  projections  where  the  atomic  environ¬ 
ments  are  different  for  chemically  equivalent  atoms  because  of 
the  absence  of  symmetry  in  the  full  molecule.  The  chemically 
equivalent  atoms  have  smaller  charge  standard  deviations  as 
would  be  expected.  The  average  charge  of  the  CF3  fluorine 
atoms  are  the  highest  among  the  three  classes  of  fluorine  atoms 
(Table  2)  and  are  about  18%  that  of  the  sulfonate  oxygens. 

A  Gaussian  03  Viewer  (Gaussian,  Wallingford,  CT)  used  to 
construct  a  2-equiv  (1100  g/equiv)  model  of  Nafion  117  enables 
rotation  of  dihedral  angles  while  maintaining  the  native  bond 
angles  associated  with  each  and  every  functional  group.  The 
CF3  and  S03  groups,  oriented  with  the  two  planes  defined  by 


the  CF3  fluorine  and  sulfonate  oxygen  atoms  parallel  to  a  Pt 
surface,  effect  ordering  of  the  CF2  backbone  segments  with 
respect  to  the  Pt  surface.  Ordering  of  the  CF2  groups  would  be 
expected  to  yield  PM-IRRAS  peaks.  The  PM-IRRAS  peak  at 
1164  cnT1  is  associated  with  the  theoretical  peak  (line-4)  at 
1168  cm-1.  The  line  4  animation  shows  that  CF2  backbone 
internal  coordinates  dominate  the  1168  cnT1  mode,  supporting 
the  suggestion  of  ordered  CF2  groups.  Figure  7  is  the  Gaussian 
View  model  resulting  from  orienting  the  CF3  and  S03~  groups 
for  adsorption  to  the  Pt  surface.  The  numbers  (yellow)  associate 
DFT  calculated  IR  peaks  (lines  1—6,  Figure  5)  and  associated 
PM-IRRAS  peaks  with  regions  of  order  induced  by  the  CF3 
and  SOW  functional  group  adsorbates. 

The  ordering  of  the  backbone  CF2  groups  in  the  Gaussain 
model  is  a  natural  consequence  of  adjusting  the  dihedral  angles 
of  the  anchoring  groups  for  adsorption,  while  maintaining 
functional  group  native  bond  angles.  Thus  the  aggregate  of  the 
Stark  tuning  data  of  Figure  2,  the  PM-IRRAS,  and  DFT 
calculations  support  Figure  7  as  a  model  for  Nafion  functional 
group  adsorption  to  Pt.  The  details  of  exactly  how  adsorbed 
CF3  functional  groups  influence  the  operando  Stark  tuning 
curves  is  not  yet  established.  The  low  density  of  functional  group 
adsorption  sites,  relative  to  the  number  of  backbone  CF2  groups, 
suggests  an  explanation  as  to  why  Nafion  is  observed  to  enhance 
electrode  processes.7'  ’2  The  methodology  of  assigning  IR  bands 
in  the  context  of  mechanically  coupled  internal  coordinates  of 
neighboring  functional  groups,  and  correlating  those  assignments 
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Kendrick  et  at. 


Figure  7.  Gaussian  03  Viewer  Nafion— Pt  interface  model.  Oxygen  (red).  Sulfur  (yellow).  Fluorine  (light  blue).  Carbon  (gray),  Pt  (dark  blue). 


to  functional  groups  interactions  with  metal  surfaces,  has  broad 
applications  toward  characterization  of  ionomeric  interfaces. 

Conclusion 

Operando  IR  spectroscopy,  PM-IRRAS  of  Nafion— Pt  inter¬ 
faces,  and  ATR  spectroscopy  of  Nafion,  correlated  with  DFT 
calculated  normal-mode  frequencies,  confirm  that  Nafion  side- 
chain  sulfonate  and  CF3  coadsorbates  are  structural  components 
of  the  Nafion— Pt  interface.  These  “anchoring”  functional  groups 
reduce  the  degrees  of  freedom  available  for  backbone  and  side- 
chain  CFi  dynamics.  The  partial  ordering  of  Nafion  CF2  groups 
is  supported  by  observed  PM-IRRAS  and  DFT  calculated  peaks 


possessing  vibrational  internal  coordinates  dominated  by,  and 
mechanically  coupled  to,  side-chain  CF2  group  motions. 
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Abstract:  A  cell  design  that  enables  both  transmission  and  X-ray  absorption  spectroscopy  of  fuel  cells, 
operating  at  temperature  with  flowing  reactant  streams,  is  used  for  operando  spectroscopy  of  air 
breathing  fuel  cell  cathodes  catalyzed  with  PtNi  and  Pt.  Fluorescence  measurements  enable  signal-to- 
noise  levels  sufficient  to  study  time-dependent  edges  at  sub-mg/cnr  on  membrane  electrode  assemblies. 
Operando  time  and  potential  dependent  XANES  of  a  Pt  catalyzed  air  breathing  cathode  show  time 
constants  for  restructuring  on  the  order  of  minutes  to  hours.  The  cell  is  designed  for  use  for  X-ray 
absorption  spectroscopy  for  insertion  into  commercially  available  diffuse  reflectance  FTIR  accessories. 

KEYWORDS  Fuel  cell,  membrane  electrode  assembly,  operando  spectroscopy,  X-ray  absorption 
spectroscopy,  XAS 

Manuscript  Text: 

Introduction:  That  the  active  state  of  a  catalyst  exists  only  during  catalysis[l]  is  succinct  rationale 
for  operando  (normal  reactor  conditions)  characterization  of  catalytic  devices.  Polymer  electrolyte 
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membrane  reactors  have  applications  in  organic  synthesis [2-4],  environmental  remediation[5]  and 
energy  conversion.  [6]  Operando  characterization  of  flow  reactor  catalytic  layers  requires  steady  state 
reactant  flow  to  the  electrodes. 

The  membrane  electrode  assembly  (MEA),  a  polymer  electrolyte  membrane  (e.g.  Nation)  sandwiched 
between  electrode  catalytic  layers,  is  the  heart  of  the  reactor.  The  catalytic  layers  contact  porous  carbon 
paper  or  cloth  diffusion  layers  optimized  for  reactant  transport  between  the  catalytic  layers  and  the  flow 
fields  (grooves  milled  onto  graphite  plate  surfaces).  MEA  fabrication  methods  have  been  reviewed. [7] 
Briefly;  catalyst  particles  dispersed  in  solubilized  Nafion  (i.e.  inks)  are  either  deposited  onto  the 
diffusion  layers  and  then  hot  pressed  to  the  membrane  (i.e.  5-layer  membrane  electrode  assembly)  or 
deposited  onto  a  heated  membrane  surface  (i.e.  3 -layer  membrane  electrode  assembly).  The  catalyst 
layers  (carbon  supported  or  metal  blacks[8])  are  a  blend  of  ionomer,  catalyst  particles,  and  Teflon 
dispersion  (at  the  cathode).  The  catalytic  particles  are  coated  with  a  sub-urn  layer  of  ionomer  that 
conducts  protons  and  enhances  catalysis. [9]  The  Nafion  ionomer  has  sulfonate  exchange  sites  that  play 
a  role  in  adhesion  of  the  polymer  to  the  catalytic  surface.  [10]  Operando  fuel  cell  operation  requires  an 
absence  of  supplemental  electrolytes  because  aqueous  electrolytes  (e.g.,  H2SO4  or  HCIO4)  contribute 
mobile  anion  adsorbates  and  preclude  fuel  cell  operation  at  the  high  end  of  relevant  temperatures  (e.g. 
70-90  °C). 

Proper  cell  design  is  the  key  challenge  to  operando  spectroscopy.  In  addition  to  a  “real  world” 
catalyst  environment,  standard  electrochemical  cell  design  principles  must  be  adhered  to,  including 
equal  resistance  between  all  points  of  the  working  electrode  surface  and  the  auxiliary  electrode  surface, 
and  a  low  impedance  reference  electrode.  [  1 1]  Proper  selection  of  cell  materials  is  crucial:  Stainless 
steel  includes  iron,  nickel  and  chromium,  which  fluoresce  at  energies  similar  to  the  edge  energies  of  Pt 
based  catalysts.  Although  challenging,  these  requirements  are  prerequisite  to  meaningful  catalyst 
characterization. 

Viswananthan[12]  and  Stoupin[13]  introduced  operando  x-ray  absorption  spectroscopy  of  hydrogen 
and  liquid  feed  direct  methanol  fuel  cells  respectively  using  the  cell  in  figure  1 .  This  cell  design  was 
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used  by  Principi[14]  in  low  Pt  loading  x-ray  adsorption  spectroscopy  (XAS)  studies.  Palladium  at  the 
cathode  mitigates  interference  when  studying  Pt  based  catalyst  edge  energies. 


Figure  1.  Operando  spectroscopy  fuel  cell  and  schematic  (from  ref.  12) 


The  resistance  between  the  anode  and  cathode  catalytic  layers  of  a  membrane  electrode  assembly  is 
governed  by  a  fortuitously  unifonn  polymer  electrolyte  membrane  thickness  (ca.  7  mil  for  Nafion 
1 17).  [15]  The  electrode  counter  to  the  working  electrode  of  interest  serves  as  both  the  auxiliary  and  the 
reference  electrode  (counter-reference  electrode). [16]  A  hydrogen  counter-reference  is  ideal  for 
acquisition  of  direct  methanol  fuel  cell  anode  polarization  curves. [17]  Pure  water  can  be  delivered  to 
the  counter-reference  electrode  when  obtaining  anode  polarization  curves  because  evolved  hydrogen 
immediately  poises[18]  the  counter-reference:  The  hydrogen  ion  activity  is  set  by  the  Nafion  weight 
Nafion  (e.g.  1 100  g  for  Nafion  1 17).  The  high  acidity  of  Nafion  is  attributed  to  the  CFo  group  alpha  to 
the  sulfonic  acid  exchange  group. [19]  Within  the  kinetically  controlled  region  of  the  fuel  cell 
polarization  curve,  the  hydrogen  electrode  polarization  is  negligible.  Although  use  of  the  counter¬ 
reference  has  drawbacks  at  high  currents,  the  alternative  of  developing  a  3ld  electrode  as  a  reference 
electrode  is  far  more  complex  than  correcting  for  reference  electrode  polarization  losses  using  current 
interrupt  or  impedance  measurements.  On  a  practical  level,  the  use  of  the  fuel  cell  counter-reference 
affords  greater  reproducibility  between  laboratories. 

Figure  2  shows  the  x-ray  absorption  near  edge  structure  (XANES)  spectra  of  Johnson  Matthey 
PtRu  black  on  the  anode  of  the  liquid  feed  fuel  cell  shown  in  figure  1 .  In  the  Pt  Lm-edge  data  (left  side), 
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the  red  line  shows  the  operando  Pt  XANES  at  450  mV,  while  the  green  and  blue  lines  are  the  as- 
received  catalyst  (mounted  on  scotch  tape),  and  Pt  foil  XANES  respectively,  also  measured  in 
transmission. 


Figure  2  Left:  Pt  LUI-edge  XANES:  In  situ  catalyst  at  450  mV  (red),  in  situ  catalyst  at  450  mV  from 
another  run  (orange),  Pt  foil  (blue),  and  as-received  catalyst  (green).  Right:  Pt  EXAFS  fit  (red  line)  to 
in  situ  catalyst  data  at  450  mV  (blue)  as  a  totally  metallic  environment  (only  Pt  and  Ru  nearest 
neighbors).  Fit  range:  1.5  to  3.1  A.  (from  ref.  13). 

The  increased  white  line  intensity  of  the  alloyed  Pt  (red)  versus  the  pure  Pt  (blue)  is  due  to  alloy- 
induced  d-band  vacancies, [23]  as  was  observed  in  XANES  from  an  arc-melted  PtRu  80:20  alloy.[24] 
The  large  edge  intensity  of  the  green  curve  confirms  extensive  oxidation  of  the  as-received  catalyst. 
Stoupin  et  al.  observed  that  the  potential-dependent  (250,  300,  350,  400,  and  450  mV)  EXAFS  perfectly 
overlap,  confirming  that,  within  the  direct  methanol  fuel  cell  potential  window,  the  Pt  signal  is 
insensitive  to  potential,  similarly  to  the  Pt  within  supported  PtRu  catalyst  in  a  F^/air  fuel  cell  (i.e.  Pt  is 
metallic).  Figure  2b  shows  the  excellent  first  shell  fit  of  the  350  mV  EXAFS  data  (blue)  with  a  model  fit 
(red)  simulating  a  totally  metallic  environment  (fit  range  1.5  to  3.1  A)  of  mixed  Pt  and  Ru  atoms. 
Figure  3  shows  the  ex  situ  Ru  K-edge  XANES  of  metallic  Ru  powder  (blue),  in  situ  catalyst  Ru  at  350 
mV  (red),  as-received  PtRu  (1:1)  catalyst  (green),  Ru  oxide  (black),  and  Ru  oxide  hydrate  (pink).  As 
mentioned  vide  ante  the  above  support  the  need  for  operando  characterization. 
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Figure  3  Ru  K-edge  XANES:  Operating  fuel  cell  anode  at  450  mV  (red,  and  orange  another  similar 
experiment),  metallic  Ru  powder  (blue),  Ru  oxide  hydrate,  (pink),  Ru  oxide  (black),  and  as-received  JM 
PtRu  (1:1)  (green)  standards  mounted  on  scotch  tape,  (from  ref.  13). 

The  coincidence  of  the  catalyst  Ru  edge  at  350  mV  (red)  with  the  metallic  Ru  powder  (blue)  confirms 
that  within  direct  methanol  fuel  cell  operating  potentials  the  Ru  is  primarily  metallic.  The  deviation  of 
the  red  from  the  blue  line  at  22,120  eV  reflects  the  difference  between  the  nearest-neighbor 
environments  of  pure  Ru  (hexagonal)  and  Ru  in  a  Pt  alloy  FCC  lattice.  The  as-received  catalyst  edge 
(green)  is  intermediate  in  energy  between  the  metallic  (blue  and  red)  lines  and  the  oxides  of  Ru  (pink 
and  black)  confirming  that  the  as-received  catalyst  is  substantially  oxidized.  The  near  edge  data  of  the 
as-received  catalyst  is  intermediate  between  the  saddle  point  of  the  Ru  oxide  and  the  metallic  catalyst 
line  (red),  again  confirming  a  substantially  oxidized  as-received  catalyst. 

A  number  of  operando  x-ray  absorption[25-30]  studies  have  followed  with  many  focused  on  the 
oxidation  state  of  the  metal  components.  All  found  that  at  relevant  fuel  cell  anode  operating  potentials, 
platinum  is  metallic.  The  oxidation  of  CO  was  studied  both  on  Pt[29],  and  PtRu[25],[28,  31]  [32] 
confirming  the  electronic  benefits  of  Ru  as  a  co-catalyst  for  CO  oxidation.  Studies  of  adsorbed  oxygen 
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reduction  reaction  intermediates  on  fuel  cell  catalysts  show  that  adsorption  is  both  potential-dependent 
and  site-specific. [2 5,  33-35] 

Cell  design:  The  Viswananthan  cell  could  accommodate  both  transmission  and  fluorescence 
measurements  under  operando  conditions.  The  new  cell  (Fig.  4)  combines  features  of  the  Viswananthan 
cell[  12]  with  the  operando  specular  reflectance  infrared  cell  reported  by  Fan  et  al.[39]  This  IR-XAS 
cell  enables  operando  x-ray  absorption  spectroscopy  (in  transmission  and  fluorescence)  and  specular 
reflectance  FTIR  spectroscopy  without  the  need  for  extraction  of  the  MEA  and  interchange  of  cells. 
The  top  flow  field,  2nd  layer  from  top  (Fig.  4  top),  accommodates  a  CaF2  window  for  IR  reflectance 
studies. [39-41]  The  CaF2  window  can  be  removed  when  the  working  electrode  of  interest  is  an  air 
breathing  electrode.  An  advantage  of  fluorescence  x-ray  absorption  is  that  beam  intensity  is  not 
attenuated  by  the  lower  graphite  flow  field  (4th  layer  from  top).  The  IR-XAS  cell  is  designed  to 
interface  to  commercially  available  diffuse  reflection  accessories  for  FTIR  systems  (fig.  4,  center). 
Figure  4  (bottom  right)  shows  the  lower  flow  field,  the  top  flow  field  (with  wicking  material  for  removal 
of  condensed  water  at  the  cathode)  and  the  top  plate  for  securing  the  CaF2  window  when  used  for  IR 
reflectance. 
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Figure  4  IR-XAS  cell.  Top  left:  Red  path,  reflectance  IR  or  fluorescence  XAS;  yellow  path; 
transmission  XAS.  Bottom  left:  Assembled  spectroscopy  cell  with  DE9  connector  for  electrodes,  heater 
cartridge  and  thennister.  Bottom  right:  Cell  installed  in  Pike  diffuse  reflectance  accessory  in  a  Bruker 
(Billerica,  MA)  Vertex  70  FTIR  Spectrometer.  Bottom  right:  Bottom  and  top  flow  field  with  wicking 
material  (white  strips)  adhered  to  upper  flow  field.  MEA  at  bottom. 


The  fuel  cell  housing  bolts  to  the  slider  assembly  (blue  component,  fig.  4,  top)  which  provides  a  9-pin 
connector  for  cell  electronics  and  temperature  control.  Swagelok  fittings  for  fuel  and  oxidant  are  at  the 
terminal  end  of  slider  assembly.  A  wide  bevel  (not  viewable)  within  a  slot  underneath  the  cell  (Fig.  4, 
bottom  left)  enables  variable  angles  for  transmission  spectroscopy.  Figure  5  shows  the  cell  as  an  air 
breathing  fuel  cell  at  the  MRCAT  beamline  at  the  Argonne  National  Laboratory.  The  source  beam  (red 
line)  passes  through  the  cathode  gas  diffusion  layer  on  the  front  face  of  the  cell  (Fig.  5  right  photo). 
Fluorescence  (yellow  line)  is  detected  by  the  Lytle  detector. 
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The  underside  slot  also  enables  precise  positioning  of  the  cell  under  the  diffuse  reflectance  integrated 
mirrors  of  the  DiffuselR  accessory  (Pike  Technologies,  Madison,  WI)  (Fig.  4,  bottom  center).  A  158° 
bevel  angle  on  the  top  plate  maximizes  the  collection  of  the  scattered  signal.  A  pin-style  upper  flow 
field  optimizes  flow  distribution  around  the  CaF2  window  inset.  Figure  6  shows  a  polarization  curve 
obtained  using  the  1R-XAS  cell. 


Figure  5  IR-XAS  cell  at  MRCAT  beamline,  Argonne  National  Laboratory. 


Figure  6.  IR-XAS  polarization  curve. 
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Time  dependent  X-ray  absorption  spectroscopy:  Figure  7-  right  shows  subtractively  normalized 
(XANES)  spectra  of  a  Johnson  Matthey  Pt  cathode  catalyst  layer  with  the  cell  operating  as  a  50°  C 
hydrogen-air  fuel  cell,  including  a  spectrum  of  the  dry  MEA  ex-situ.  The  cathode  gas  diffusion  layer 
was  exposed  to  ambient  air  (i.e.  CaFi  window  not  installed)  while  humidified  hydrogen  was  delivered  to 
the  Pd  counter-reference  electrode.  A  reference  XANES  was  obtained  at  0  volts  after  a  one-hour 
conditioning  period,  [42].  Potential  dependent  XANES  were  then  sequentially  acquired  and 
subtractively  normalized  to  the  reference  spectrum  to  yield  Ap  fingerprints.  At  open  circuit  voltage,  the 
white  line  intensity  increases  dramatically.  The  dry  MEA  fingerprint  shows  that  the  cathode  is  highly 
oxidized  before  exposure  to  the  fuel  cell  environment,  consistent  with  the  results  of  Stoupin  et  al.[  13] 


Energy  (eV)  Energy  (eV) 


Figure  7.  XANES  of  a  Pt  air-breathing  cathode  of  the  IR-XAS  cell  subtractively  normalized  to 
XANES  at  0  volts  vs.  Pd  hydrogen  anode.  Left:  time  dependent  data  at  530  mV;  Right:  potential 
dependent  steady  state  data. 

Figure  7-left  shows  time-dependent  Ap  (at  530  mV),  each  obtained  as  an  average  of  three 
consecutive  scans.  The  potential-dependent  data  are  smoother  than  the  time-dependent  data  because  30 
scans  were  averaged  at  each  potential  dependent  fingerprint).  The  Ap  peaks  decrease  with  time,  as  the 
Pt  is  reduced,  with  a  time-constant  on  the  order  of  hours.  The  large  time  constant  cannot  be  attributed 


9 


solely  to  reduction  of  chemisorbed  oxygen.  The  reduction  of  sub-surface  oxygen,  native  to  the 
crystallite  core  structure,  may  be  responsible  for  the  long  time-constant.  Stoupin  et  al.  have  shown  that 
in  the  case  of  PtRu,  the  oxide  phase  extends  into  the  core  of  particle.  The  data  of  Figure  7  suggest  that 
subtractively  normalized  XANES,  with  time  and  potential  dependence,  have  enormous  value  for 
elucidation  of  trends. 

The  time  constants  associated  with  the  XAS  of  the  work  are  on  the  order  of  minutes  to  hours.  Also 
important  are  time  constants  shorter  than  a  few  seconds.  Tada  et  al.  [44]  have  reported  a  method  for 
obtaining  Is  time  resolved  full  EXAFS  spectra  from  a  fuel  cell  being  cycled  between  0.4  and  1.0  V. 
They  have  observed  separate  time  constants  for  charging,  discharging  as  well  as  the  formation  and 
dissociation  of  surface  Pt-0  bonds  using  a  fuel  cell  design  very  similar  to  that  of  Viswananthan  in 
transmission  mode.  Even  shorter  time  constants  will  be  possible  using  dispersive  XAFS  techniques  and 
lifetime  studies  using  catalysts  kept  in  operation  for  hundreds  of  hours  will  become  possible  as 
operando  fuel  cell  fuel  cells  become  more  available. 

Operando  Infrared  Spectroscopy  of  CO/Pt:  Catalyst  inks,  prepared  by  the  method  of  Wilson,  [45] 
were  directly  applied  to  Nafion  (4  mg/cnr  of  Johnson  Matthey  Pt  black  at  both  electrodes)  immobilized 
on  a  heated  (70°C)  vacuum  table  (NuVant  Systems,  Crown  Point,  IN).  These  loading  are  typical  for 
liquid  feed  direct  methanol  fuel  cells.  Carbon  paper  (Toray  Industries,  Tokyo,  Japan)  blocked  with 
Vulcan  XC-72,  was  used  as  current  collectors  at  both  electrodes.  The  infrared  specular  reflectance 
spectra  of  CO  adsorbed  (COads)  on  the  MEA  Pt  at  50  °C  were  obtained  versus  the  CO  dosing  potential. 
The  MEA  was  conditioned  by  cycling  from  800mV  to  600  mV  (40  mV/min)  for  five  cycles  with  H2  and 
air  at  50  and  250  seem  respectively.  After  conditioning,  air  was  purged  from  the  cathode  with  N2, 
followed  by  further  conditioning  of  the  electrode  by  cyclic  voltammetry  over  the  range  0-1.2V 
(lOOmV/s)  for  fifty  scans.  Stripping  data  was  acquired  by  CO  dosing  of  the  working  electrode  for  15 
minutes  at  the  selected  dosing  potential.  After  purging  N2  (200  seem)  for  15  minutes,  the  potential  was 
cycled  from  0-1.2  V  at  10  mV/s.  Figure  8  shows  background  CV  (red)  and  the  CO  stripping  wave 
(blue).  At  50  °C  the  CO  stripping  initiates  at  around  600  mV. 
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Figure  8.  Cyclic  voltammetry  (lOmV/s)  of  humidified  N2  fuel  cell  (5-cm  geometric)  cathode;  H2  (50 
seem)  at  the  counter-reference,  at  50°C.  CO  stripping:  blue;  background;  red. 

Spectra  over  the  range  800-4000  cm'1,  at  4  cm'1  resolution,  were  acquired  on  a  Vertex  70 
Spectrometer  (Bruker  instruments,  Billerica,  MA)  using  Opus  6.5™  analysis  software.  Prior  to 
acquisition  of  the  blank  spectrum,  the  cell  was  brought  50  °C  and  was  held  at  the  desired  potential.  The 
flow  rate  of  ffi  across  the  anode  and  N2  across  the  cathode  was  50  and  200  seem  respectively.  The  cell 
was  allowed  to  equilibrate  for  five  minutes  before  obtaining  a  blank.  The  cathode  feed  was  switched  to 
40  seem  of  CO  at  the  desired  potential  for  15  minutes  prior  to  purging  the  CO  with  N2  (200  seem).  The 
potential  was  set  to  100  mV  prior  to  acquisition  of  four  250  signal  averaged  spectra  at  +50mV 
increments  until  the  CO  vibrational  bands  were  no  longer  observable. 

Stark  tuning  plots  of  CO  adsorbed  at  100,  200,  300  and  400  mV  in  the  IR-XAS  cell  are  shown  in 
figure  9.  The  features  of  these  plots  include  a  linear  region  followed  by  a  positive  deviation  from  the 
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linear  nature  of  the  curve,  a  precipitous  drop  ending  in  a  slight  increase  in  slope.  This  study  shows  a 
correlation  between  the  potential  at  which  CO  is  adsorbed  and  the  potential  at  which  it  begins  to  oxidize 
off  of  the  electrode.  As  can  be  seen  in  figure  9,  the  lower  the  adsorption  potential,  the  lower  the 
potential  at  which  CO  begins  to  oxidize.  This  can  be  attributed  to  a  lower  amount  of  coverage  due 
competitive  adsorption  of  ffi  at  the  lower  potentials. [46] 
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Figure  9.  Stark  tuning  plots  of  linearly  adsorbed  CO  adsorbed  on  Pt. 

Markovic  et  al.  [47]  perfonned  similar  experiments  using  Pt(lll)  and  0.5  M  H2SO4  and  observed 
Stark  tuning  plots  similar  to  those  of  Fig.  9.  The  increase  in  slope  following  the  initial  linear  region  was 
attributed  the  competitive  adsorption  of  HSO3"  generating  a  repulsive  dipole  interaction  with  CO.  As 
OH'  begins  to  adsorb  on  the  surface,  CO  is  oxidized  causing  the  shift  of  the  CO  vibrational  peak  to 
move  to  lower  frequencies.  The  slight  increase  in  wavenumber  frequency  at  higher  potentials  is 
attributed  to  readsorption  of  HSO3',  reestablishing  the  repulsive  dipole  interaction.  The  observation  that 
the  behavior  of  the  Stark  tuning  curve  generated  from  the  operando  spectroscopy  cell  matches  that  from 
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an  electrochemical  cell  using  H2SO4  as  an  electrolyte  despite  the  lack  of  mobile  ions,  suggests  that 
Nall  on  adsorbs  to  the  surface  of  the  Pt  electrode.  This  theory  is  supported  by  a  study  reporting  on  the 
Nation-electrode  surface  interactions  using  polarization  modulation-infrared  reflection  adsorption 
spectroscopy  (PM-IRRAS)  correlated  with  density  functional  theory  (DFT).[10] 
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Nafion,  a  sulfonated  tetrafluoroethylene  copolymer,  and  its 
short-side-chain  derivative  revolutionized  low-temperature  fuel 
cell  development.  Nevertheless,  after  over  7000  publications  on 
Nafion  since  1975,'  the  definitive  assignment  of  key  infrared  (IR) 
peaks,  including  those  associated  with  the  S03”  exchange  group 
and  the  ether  linkages,  has  been  elusive.  Nafion  and  relevant 
derivatives  are  given  in  Scheme  1 . 

The  highlights  of  reported  interpretations  of  selected  IR 
spectra  (Figure  la— f)  provide  the  context  for  this  Communica¬ 
tion.  The  attenuated  total  reflectance  (ATR)  spectra  of  hydrated 
Nafion  (a)  and  the  short-side-chain  ionomer  (b)  (i.e.,  Scheme  1) 
focus  on  the  ~  1060  cm-1  and  a  multiplet  that  includes  a  shoulder 
at  995  cn l” 1  and  two  peaks  ~983  and  970  cm” 1 ,  hereafter  referred 
to  as  vh{  and  vK,  respectively.  The  vM  and  vlf  have  been  con¬ 
ventionally  assigned  to  ether  groups  in  proximity  to  the  backbone 
and  the  sulfonate  group,  respectively.  Cable  et  al.2  associated  vlr 
to  the  ether  linkage  closest  to  the  sulfonate  group  because  of  its 
enhanced  sensitivity  to  ion  exchange  and  the  fact  that  the  vtf 
persists  in  the  Dow  short-side-chain  ionomer  spectrum.  The 
short-side-chain  ionomer  has  only  one  ether  group,  positioned 
adjacent  to  the  sulfonate  group.  The  sulfonyl  fluoride  precursor 
was  also  compared  to  Nafion.  In  the  sulfonyl  fluoride  spectrum 
(c),  V]f  diminishes  concurrently  with  the  ~  1060  cm-1  peak.  These 
observations  were  reconciled  by  invoking  solvation  effects  as 
responsible  for  the  sensitivity  of  to  ion  exchange  because  in 
hydrated  Nafion,  the  sulfonate  group  is  embedded  in  an  aqueous 
phase.  Therefore,  the  ether  group  in  closest  proximity  to  the 
sulfonate  group  may  be  subject  to  solvation  as  well  and  thus 
sensitive  to  ion  exchange.  The  iv,  which  is  essentially  insensitive 
to  ion  exchange,  has  been  attributed  to  the  ether  link  distant  from 
the  sulfonate  group.  Further,  Cable2  concluded  that  the  con¬ 
current  loss  of  the  1060  cm-1  peak  is  due  to  the  loss  of  the  S03” 
symmetric  mode. 

The  association  of  the  1060  cm-1  peak  and  %,  solely  with 
S03”  and  ether  link  modes,  respectively,  precludes  proper 
analysis  of  the  spectra.  However,  if  the  mechanical  coupling 
of  the  internal  coordinates  of  the  S03”  and  its  near-neighbor 
COC  are  considered,  the  analysis  of  1060  cnT1  and  vlf  peaks  of 
Figure  1  can  be  reconciled  without  the  need  for  invoking  solva¬ 
tion  of  the  ether  link  (vide  infra).  Warren  and  McQuillan3  noted 
the  importance  of  the  considering  vibrational  contributions 
from  more  than  one  functional  group  when  assigning  IR  absorp¬ 
tions  offluoropolymers.  Byun  et  al.  also  reported  the  same  loss 
of  the  v\f  upon  substitution  of  the  sulfonic  acid  group  for  a 
sulfonyl  imide  (spectrum  f)  and  assigned  vlr  as  did  Cable  et  al. 
(Figure  le,f). 

*To  whom  correspondence  should  be  addressed. 
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Transmission  infrared  spectra  of  Nafion  1 12  were  obtained  on 
a  Bruker  Vertex  80V  spectrometer  (Bruker  Optics  Inc.,  Billerica, 
MA)  under  dry  air  or  vacuum.  All  spectra  were  an  average  of  100 
scans.  The  Nafion  samples  were  dehydrated  on  a  vacuum  line  at 
10”2  Torr  (under  nitrogen)  at  135  °C  for  several  hours.  Samples 
were  transferred  to  a  drybox  for  sample  holder  installation  in 
order  to  minimize  atmospheric  exposure.  The  transmission  spec¬ 
tra  (Figure  2)  show  a  concurrent  loss  of  intensity  of  1062  cm”1 
and  V[f  due  to  dehydration  of  the  membrane,  simultaneous  with 
evolution  of  peaks  at  1415  and  908  cm”1. 

We  attribute  the  transition  of  the  dehydrated  (red)  to  the 
hydrated  (blue)  spectrum  to  a  change  in  the  point  group  symmetry 
of  the  sulfonic  acid  group  (vide  infra).  The  following  density 
functional  theory  (DFT)  calculations  show  that  as  the  proton 
dissociates  from  the  sulfonic  acid  group  (e.g.,  with  hydration),  the 
local  point  group  symmetry  changes  from  C\  to  C3v. 

Unrestricted  DFT3,6  with  the  hybrid  X3LYP7  functional  was 
used  for  geometry  optimization  and  calculations  of  the  normal¬ 
mode  frequencies  and  corresponding  IR  spectra  of  triflic  acid,  the 
Nafion  side  chain  (NSC),  and  the  NSC  with  a  PTFE  backbone 
segment  (NSCB).  The  calculations  were  done  at  water/sulfonate 
ratios  (A)8  from  0  to  10.  The  X3LYP  extension  of  the  B3LYP9 
functional  yields  more  accurate  heats  of  formation.  The  all¬ 
electron  6-311G**++  Pople  triple-^  basis  set  is  used  in  all 
calculations  (“**”  and  “++”  denote  polarization10  and  diffuse1 1 
basis  set  functions,  respectively).  Jaguar  6.5  (Schrodinger  Inc., 
Portland,  OR)  uses  the  pseudospectral  method12  for  calculation 
of  time-consuming  integrals  with  the  same  accuracy  as  the  fully 
analytical  DFT  codes. 

Images  of  the  geometry  optimized  NSC  and  NSCB  anion  are 
shown  in  Figure  3. 

Figure  4  shows  DFT  optimized  structures  of  the  triflic  acid 
exchange  site  as  water  molecules  are  sequentially  added.  The 
option  to  include  a  dielectric  in  the  calculation  was  not  used 
because  the  effect  of  such  an  option  would  be  a  small  perturba¬ 
tion  over  the  effects  due  to  sequential  addition  of  water  molecules 
to  the  solvation  sphere.  The  triflic  acid  calculations  reveal  a 
threshold  X  (Xf)  where  the  SO— H  bond  dissociates  (Figure  4,  top 
right),  and  a  f_0,  where  the  H30+  loses  a  direct  hydrogen  bond  to 
the  sulfonic  acid  anion  (Figure  4,  bottom  right.)  Paddison  used 
B3LYP/6-31 G**  to  calculate  2d  and  T.;_0  of  3  and  6,  respectively.13 
Although  different  from  our  values  of  4  and  10,  respectively,  the 
near-identical  O— H  and  0—0  distances  support  the  converged 
energies  of  both  Paddison  and  our  calculations  (see  Table  1). 

Our  higher  value  of  /Q  results  from  the  use  of  diffuse  basis  set 
functions.  Spitznagel  et  al.14  observed  significant  changes  to 
optimized  geometries  involving  anions  and  proton  affinity  when 
using  diffuse  functions.  To  confirm  the  findings  of  Spitznagel,14 
the  triflic  acid  structure  was  optimized  for  X  =  3  without  diffuse 
functions,  resulting  in  the  same  J.d  as  Paddison.  This  provides 
confidence  in  our  attribution  to  diffuse  functions  for  a  higher 
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Figure  1.  (a)  Nafion-H,  (b)  short-side-chain  ionomer,  (c)  sulfonyl  fluor¬ 
ide,  (d)  Nafion-H,  (e)  H  1  form  of  Nafion,  and  (f)  sulfonyl  imide.  Spectra 
a— d  adapted  from  Cable  et  al.2  Spectra  e  and  f  adapted  from  ref  4. 


Figure  2.  Transmission  IR  spectra  of  Nafion  1 12  showing  the  evolution 
of  1415  and  908  cnT1  bands  upon  dehydration. 


Table  1.  Comparison  of  the  Acidic  Proton  O— H  Distances  and  the 
0—0  Distances  about  the  Central  Hydrogen  Ion  for  Triflic  Acid 


2 

SO-H  (A) 

SO-H-OH  (A) 

Paddison13 

present 

Paddison13 

present 

0 

0.973 

0.970 

1 

1.02 

1.004 

2.595 

2.628 

2 

1.059 

1.037 

2.496 

2.531 

3 

1.562 

1.074 

2.556 

2.465 

4 

1.721 

1.522 

2.658 

2.526 

5 

1.739 

1.481 

2.693 

2.503 

6 

3.679 

1.49 

4.243 

2.519 

7 

1.511 

2.523 

8 

1.528 

2.539 

9 

1.523 

2.539 

10 

3.677 

4.372 

Table  2.  Comparison  of  O— H  Distance  for  the  Acidic  Proton  and  the 

o- 

O  Distance  to  the  Central  Hydronium  O  (or  Nearest  Water 

Molecule) 

SO-H  (A) 

SO-H-OH  (A) 

2 

triflic  acid 

NSC 

triflic  acid 

NSC 

3 

1.074 

1.077 

2.465 

2.464 

4 

1.522 

1.531 

2.526 

2.541 

7 

1.511 

1.526 

2.523 

2.533 

9 

1.523 

1.532 

2.539 

2.545 

Figure  3.  NSC  2=3  (left);  NSCB  anion  (right)  (red  =  O,  white  =  H, 
gray  =  C,  purple  =  S,  green  =  F,  yellow  dotted  lines  =  H-bonds). 


Figure  4.  Proton  dissociation  threshold  and  the  formation  of  H30+ 
and  C3v  local  symmetry.  Top:  2  =  0,  left;  2  =  3,  center;  2  =  4,  right. 
Bottom:  2  =  7,  left;  2  =  9,  center;  2  =  10,  right  (red  =  O,  white  =  H, 
gray  =  C,  purple  =  S,  green  =  F,  yellow  dotted  lines  =  H-bonds). 

value  of  2d.  We  attribute  our  higher  value  of  2;_0  to  the  use  of 
X3LYP,  developed  to  significantly  improve  hydrogen  bonding 
and  van  der  Waals  interactions  over  B3LYP.7  A  comparison  to 
similar  computational  studies  of  trilfic  acid  2d  and  2;_0  values  is 
summarized  in  the  Supporting  Information. 13,15-8 


Extension  of  the  2-dependent  calculations  to  NSC  confirms  a 
2d  =  4,  consistent  with  the  triflic  acid  calculations.  NSC  calcula¬ 
tions  at  2  =  7  and  9  confirm  a  2;_0  greater  than  9.  The  SO— H  and 
SO—  H— OH  distances  versus  2  are  presented  in  Table  2.  The 
similarities  between  the  O— H  and  0—0  distances  of  solvated 
triflic  acid  and  NSC,  versus  2,  suggests  that  at  the  levels  of 
hydration  calculated  the  sulfonic  acid  group  behavior  is  rather 
generic. 

Although  hydrated  Nafion  has  C\  symmetry  overall,  it  has 
regions  of  local  symmetry,  namely  the  — S03~  (C3v)  and  the  ether 
groups  (C2v).  Maestro  (Schrodinger  Inc.,  Portland,  OR)  converts 
Jaguar  output  files  to  vibrational  mode  animations.  The  full 
animations  of  selected  calculated  modes  are  in  the  Supporting 
Information.  Snapshots  of  the  CF3S03~  symmetric  stretch 
(vs(Ai))  and  the  CF3OCF3  asymmetric  (vas(B2))  and  rocking 
modes  (p,.(B2))  and  associated  frequencies  are  shown  (Figure  5, 
top  row). 

Hereafter,  the  vs(Aj),  vas(B2),  and  pr(B2)  modes  are  referred  to 
as  “pure  modes”.  The  equilibrium  positions  and  vibrational 
mode  extrema  of  NSCB  modes  corresponding  to  the  bands  at 
969  cnT1  (%)  and  1060  cm-1  (Figure  2)  are  shown  in  Figure  5. 
The  animations  enable  visualization  of  how  the  pure  mode 
internal  coordinates  mechanically  couple  to  yield  the  NSCB 
modes.  The  center  row  snapshots  show  a  983  cm-1  NSCB 
mode20  that  results  from  the  coupling  of  the  i's(Aj),  vas(B2),  and 
pr(B2)  with  the  dominate  mode  being  the  ^(AO.  The  full  anima¬ 
tions  show  that  the  dominate  pure  mode  of  the  1060  cnT1  peak  is 
actually  the  CF3OCF3  v(as)(B2)  mode  with  a  much  weaker 
contribution  front  the  vs(Ai)  of  triflic  acid.  The  1060  cnT1  is 
primarily  a  vas(B2)  mode  mechanically  coupled  to  the  internal 
coordinates  of  the  vs(Ai)  of  the  S03_  group.  The  key  point  is  that 
the  ether  link  nearest  the  exchange  group  has  internal  coordinates 
that  are  mechanically  coupled  to  the  vs(A|)  mode:  The  1060  cnT 1 
and  V|f  peaks  cannot  be  purely  ascribed  to  the  S03_  and  COC 
modes,  respectively. 

In  fact,  %,  conventionally  assigned  as  an  ether  mode,  derives 
from  the  triflic  acid  S03_  vs(Ai)  mode  with  a  calculated  average 
of  974  cm-1  (see  Table  3). 

The  above  analysis  obviates  the  need  to  invoke  ether  link 
solvation  for  analysis  of  the  Figure  1  spectra.  Because  the  internal 
coordinates  of  the  1060  cm-1  and  %  peaks  are  mechanically 
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Figure  5.  Maestro  animation  snapshots  of  DFT  calculated  modes  of 
the  full  side  chain  and  backbone:  (top  row)  small  molecule  “pure” 
modes;  (middle  row)  983  cm-1,  equilibrium  positions  in  center  panel; 
(bottom  row)  1060  cm-1,  equilibrium  positions  in  center  panel.  Ex¬ 
trema  at  left  and  right  panels  of  center  panels.  AVI  animations  are  given 
in  the  Supporting  Information. 


Table  3.  Calculated  vs(A|)  Mode  of  C3l.  (i.e.,  XA  or  Greater)  Sulfonate 

triflic  acid  S03~  triflic  acid  S03~ 

sym  str  (cm-1)  sym  str  (cm-1) 


1  =  4 

978 

1  =  8 

979 

X  =  5 

965 

1  =  9 

980 

X  =  6 

980 

1  =  10 

975 

X  =  1 

964 

coupled,  they  always  shift  ( upon  ion  exchange  of  the  SOs~  group) 
or  diminish  together  ( upon  dehydration,  Figure  2). 

Reconsider  the  spectra  of  Figure  1  in  light  of  mechanically 
coupled  internal  coordinates.  The  vhf  is  not  in  the  short-side- 
chain  spectra  (b)  because  tv  was  the  backbone  ether  link  that  was 
not  mechanically  coupled  to  the  S03”.  In  the  short-side-chain 
derivative,  the  remaining  vlf  is  now  the  backbone  ether  link 
mechanically  coupled  to  the  S03”  group  (i.e.,  the  functional 
groups  responsible  for  the  mechanically  coupled  vs(A|),  vas(B2), 
and  pr(B2)  are  now  in  close  proximity  to  the  backbone).  In  the 
sulfonyl  fluoride  spectra  (c),  the  C3v  symmetry  of  the  S03”  is  lost. 

Thus,  similar  to  the  case  of  dehydration  (Figure  2),  the  v if  and 
1060  cm”1  peaks  vanish.  The  sulfonyl  irnide  spectra  (f)  behaves 
similarly  to  that  of  the  sulfonyl  fluoride.  The  remaining  peak  at 
1069  cm”1  is  not  inconsistent  with  our  analysis.  Korzeniewski 
confirmed  this  peak  as  the  asymmetric  S— N— S  stretch. 

Warren  and  McQuillan3  recognized  that  Nafion  vibrational 
modes  have  contributions  from  multiple  functional  groups  using 
DFT  at  the  B3LYP/6-311G-|-(d,p)  level  of  theory.  Their  calcu¬ 
lated  929  cm”1  mode  was  assigned  to  a  coupling  of  C— S  stretch¬ 
ing  and  S03”  symmetric  stretching  to  explain  the  loss  of  the 
971  cm”1  band  upon  dehydration.  Okamoto19  calculated  peaks 


at  989  and  1060  cm”1  as  S03”  symmetric  and  COC  (nearest  the 
headgroup)  asymmetric  stretching,  respectively,  for  a  model  side 
chain  of  Nafion  in  its  anion  form,  (CF3)2CFOCF2CF(CF3)- 
OCF2CF2S03“,  using  B3_LYP/6-31G(d,p)++. 

The  1060  cm”1  and  iv  peaks  result  from  the  mechanical 
coupling  of  the  internal  coordinates  of  S03“  and  the  COC  “pure” 
modes.  The  1060  cm”1  mode  is  dominated  by  an  ether  link  mode. 
Jhe  calculated  mode  at  983  cm”1,  a  major  contributor  to  the 
vif  peak,  is  dominated  by  the  S03”  vs(A|)  mode.  The  considera¬ 
tion  of  mechanically  coupled  internal  coordinates  is  essential 
for  the  analysis  of  infrared  spectra  of  ionomers  and  correlation 
of  those  spectra  with  the  effects  of  ion  exchange  and  state  of 
hydration. 
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